Molecular dynamics simulation (MD) has been done for a molten (Li, K)C1 mixture of the eutectic composition at about 700 K, 950 K and 1100 K and, for comparison, also for pure LiCl and KCl at about 950 K and 1100 K The atomic masses of half the Li + and K + ions have been set at 6.941 and 39.098, respectively. Self-exchange velocities (SEVs) of these cations have been calculated. The Chemla effect is reflected by the SEVs. The isotope effects of the SEVs in the mixture increase slightly with temperature. The motions of the cations with respect to the adjacent CI" are classified into four modes: (1) an oscillating motion, (2) a leaving motion, (3) a wandering motion and (4) a coming-back motion. It is found that the velocity of the leaving motion is dependent only on the masses and the temperature, and independent of the kind of cations and the composition.
Introduction
In [1] we determined the internal mobilities of Li + , K + , and their isotopes in molten (Li, K)C1 at about the eutectic composition in the temperature range (729-976) K. The main results were as follows: (1) The Chemla effect occurs at this composition in the whole investigated temperature range, i.e., the mobility of K + is greater than that of Li + . (2) With increasing temperature the mobility ratio b u /b K decreases. ( 3) The isotope effect on the mobilities of Li and K seems to increase slightly with temperature. (4) The absolute value of the reduced isotope effect d In b/d In m [2] , where m is the ionic mass, is greater for Li than for K.
In [3] we did a molecular dynamics (MD) simulation of molten LiCl and calculated the self-exchange velocities [4] in order to interpret the known [5] isotope effects on the internal mobilities of Li in isotopically pure and mixed LiCl.
In the present study this method is extended to the eutectic (Li, K)C1 mixture in order to understand the trends of the internal mobilities in this system. Simulations of pure LiCl and KCl have also been done. The total number of the ions per unit Reprint requests to Professor I. Okada, Department of Electronic Chemistry, Tokyo Institute of Technology, Nagatsuta 4259, Midori-ku, Yokohama 227, Japan.
cell was twice that in [3] and larger fictive mass differences have been chosen.
The Simulation
In all the runs, totally 432 particles were disposed in a periodic cube whose edge length was set from the density data [6, 7] . For the simulation of the eutectic mixture (58.5 mol% LiCl [7] ) these were 126 Li + , 90 K + and 216 Cl~ ions, which corresponds to 58.3 mol% LiCl. Half of both the Li + and K + were assumed to have the masses 6.941 and 39.098, respectively. For simplicity, these will often be named 7 and 39. The mass of CI" was set at 35.453. Pair potentials of the Born-Mayer-Huggins type with the parameters given by Tosi and Fumi [8] were used, although these parameters yield too short peak positions for the unlike pair correlation functions [9] . The parameters of the pair potentials for the mixture were determined by the combination rule recommended by Larsen et al. [10] . The time step was 4 fs. The Ewald method [11] was used for the calculation of the Coulombic forces. Constant-energy simulation was performed. The aimed temperatures were 700, 950 and 1100 K; the melting point of the eutectic mixture is reported to be 628 K [7] , Some conditions of the simulation are given in Table 1. 0340-4811 / 87 / 0100-0021 $ 01.30/0. -Please order a reprint rather than making your own copy. 
Results and Discussion

Pair Correlation Functions
MD simulations of the eutectic mixture have already been done in [12] [13] [14] with the same potential parameters as used here, but these publications give no self-exchange velocities.
In Table 2 , some data of pair correlation functions between unlike ions are given.
In the mixture, R M decreases appreciably with rising temperature, as was pointed out for a pure salt [16] . g(Ru) for LiCl is higher in the mixture than in pure LiCl. This provides evidence that the association increases when some of the smaller cations are replaced by larger cations in a binary mixture with a common anion [17] . R m is generally difficult to specify accurately. In Table 2 the R m values are given tentatively to three significant digits, although these can be determined virtually to an accuracy of only 10 pm.
Self-Exchange Velocities
The self-exchange velocity (SEV) has been defined as [4, 16] 
where R 2 is the average of the distances < R 2 between cation and anion, and t = r is the average time in which the average distance of such particles becomes R 2 .
We have found that experimentally obtained internal mobilities are strongly related to the SEVs [4] , The SEVs of the isotopic ions are given in Table 3 . For a further insight, the motion of the cations with respect to the adjacent Cl~ ions is examined. In Fig. 1 the time evolution of the distances of distinct Li + and K + ions located within the respective R 2 s at / = 0 from a distinct CI" ion in the mixture is shown for the cases of 700 K and 1100 K.
We shall consider four classes of this motion:
(i) The cation starts within R 2 at the time t = 0 and passes R m for the first time at the time t (oscillating motion = O-process). (ii) The cation passes R 2 for the last time at the time t = 0 and passes R m for the first time at time t (leaving motion = L-process).
(iii) The cation passes R m at the time / = 0 in the outward direction and does not pass R 2 (wandering motion = W-process).
(iv) The cation passes R m in the outward direction at the time t = 0 and passes R 2 for the first time at the time t. The section of this motion leading from R m to R 2 is named the coming-back motion (= C-process).
The percentage of cations having performed the O-process is shown as a function of time in Fig. 2 ; the time at which 20% are reached is given in Table 4 . The average velocity of the L-process is given in Table 5 . This velocity seems to depend only on the masses of the cation and anion and the temperature, but not on the chemical species, i.e. the length of the range from R 2 to R m \ this distance is considerably larger for K than for Li, as seen from Table 2 . It is interesting to note that the difference between the pair potentials for the Li-CI and K-Cl pairs does not explicitly play a role in the L-process. The velocity during the L-process is found to be proportional to the sum of the mean velocities of "ideal-gas like" cations and anions; these are v c =]/SRT/n M c and v a = ^SRT/n M a , respectively, where M c and M a are the respective atomic masses. In Fig. 3 the velocity during the Lprocess is plotted versus (r c + r a ), from which the slope of the straight line is estimated to be 0.577 (Table 5 in [3] ) also lie on the same straight line within statistical errors. Thus, the L-process should be regarded as a purely physical process in which the isotope effect is large. The percentage of the C-process with respect to all particles exceeding R m is shown in Figure 4 . The C-processes result in an effective prolongation of the O-process. As a measure of the effective duration of the O-process, the time is calculated, see Table 6 , for one third of the marked cations to leave the region within the distance R 2 from the reference CI -ion.
The Chemla Effect of the SEV
As seen in Fig. 2 there is a considerable difference between Li + and K + ions concerning the duration of the O-process, while no such chemical effect is found for the L-process. For Li + ions the duration of the O-process is considerably longer in the mixture than in pure LiCl, while for K + ions the duration is instead shorter in the mixture than in the pure KCl, see Table 4 .
This can be understood from the potential profiles given in The distance d varies in the course of the motions of the two CI" ions. The larger the average value of this distance is, the longer it will take before the conditions for a barrier jump are reached.
In a pure LiCl melt, the CI" ions are coordinating tetrahedrally rather than octahedrally to a Li + ion [9] , and the distance between two CI" ions that are on either side of a Li + ion should on the average be shorter than the d| given in Figure 5 . Thus a Li + ion can move after a relatively short O-process.
Since the distance d becomes larger with increasing concentration of KCl, the barrier h becomes higher, and the duration of the O-process becomes considerably longer.
Similarly, also for the K + ions, an increase of the concentration of KCl is accompanied by an increase of d. The influence of temperature on the ratio v Li /v K can be accounted for in a similar way. Since dh/dd is greater for Li + than for K + , as seen in Fig. 5 b, an increase of d caused by a temperature increase will be less favourable for v u than for r K , and vu/v K thus decreases. This reflects the observed trend for the internal mobility ratio b u /b K .
At 700 K the SEV is somewhat greater for 7 Li than for 39 K in the mixture, whereas the mobility of Li + is smaller than that of K + at this temperature [1] . At 700 K the duration of the O-process is about the same for the light 7 Li ions as for the heavy 39 K ions (see fig. 2 ), while it is evident that the Cprocess occurs more frequently for the former than for the latter (see Fig. 4) ; however, the velocity of the L-process must be greater for the former. The velocity of the W-process within the time range t is inevitably included in the calculation of the SEVs, although the motion of the W-process corresponds to the situation where neighbouring ion pairs are rather far away from each other. This may be the reason for the discrepancy at 700 K that the measured mobility b K is larger than b Ll , but the calculated SEV is larger for Li + than for K + .
An attempt has been made previously [12] to estimate the specific conductance of this mixture from the self-diffusion coefficients obtained by MD by means of the Nernst-Einstein equation. This attempt might, however, be inappropriate, since it was overlooked that, although the Chemla effect occurs in the mobilities, it need not necessarily occur also in the calculated self-diffusion coefficients. If a cation moves along the "surface" of a neighbouring anion, this motion is not included in the SEV, but it is in self-diffusion.
The Isotope Effect of the SE V
For the L-process the isotope effect is large. If, as stated above, the velocity in the L-process is proportional to (v c + r a ), the ratio of the velocities of the two isotope ions should be (1/^6.941 + I/j/35.453 )/ (1/J/39.098 + l/|/35.453)= 1.67. As seen from Table 5 , the ratios obtained from the MD simulation are rather close to this value.
Concerning the duration of the O-process, the ratio of the times quoted in Table 4 is also quite large for isotopic ions, and there is an indication that the magnitude of the isotope effect decreases when the duration of the O-process increases. If we restrict the discussion to the 8 cases for 950 K and HOOK (the 700 K cases are considered below), there is a tendency that the isotope effect is greater, the shorter the duration of the O-process is. (The data for pure KCl are, however, somewhat greater than expected from this tendency, and the reason for this will also be considered below.) Such a tendency is expected from simple considerations, and it can also be seen from Figure 1 . The average cycle of the oscillations is shorter for a light isotope than for a heavy one. The cycle is irregular, and the influence of the ion mass on the positions of the oscillation maxima decreases as time elapses. Thus, the shorter the duration of the O-process, the larger the isotope effect will be.
The details of the oscillation cycle are of importance for the magnitude of the isotope effect on the duration of the O-process. The more regular the cycle is, the larger an isotope effect should be expect. This explains both the apparent deviations mentioned above. Pure KCl is much more regular than the other melts due to the similar size of the K + and Cl~ ions, and the oscillation cycles are thus more regular. The free space is smaller at 700 K than at the other temperatures, and a small free space should mean a more regular cycle. Thus we can expect large isotope effects at 700 K in spite of the rather long duration, and this effect should be more pronounced for the large K + ions than for the small Li + ones, which seems to be the case.
The C-process has also to be taken into account when the "effective" duration of the O-process was introduced. The probability that the C-process occurs seems to decrease with increasing temperature, with a few exceptional cases probably due to statistical errors, see Figure 4 . This probability is always largest for the light isotope, and this reduces the isotope effect of the effective duration of the O-process. This reduction can also be seen from a comparison of Tables 4 and 6 . In summary, the isotope effect of the effective duration of the O-process does not show any simple correlation with their temperature or concentration.
In pure LiCl the isotope effect of the effective duration of the O-process is larger at 1100 K than at 950 K. This is mainly due to the rather small probability that the C-process occurs for the light isotopes at HOOK. This probability might be so small because the environment changes quickly due to an agitation effect caused by the presence of many Li + ions of a small size.
In the mixture the probability of the C-process is high for the light K + isotopes at 700 K, owing to the small free space. This will to some extent compensate the high isotope effect on the duration of the O-process, and this isotope effect becomes nearly independent of the temperature (see Fig. 4 , Table 4 , and Table 6 ). Thus, for the mixture, the isotope effect of the SEV remains nearly constant when the temperature is increased.
In pure KCl the isotope effect of the duration of the O-process increases slightly with increasing temperature (Table 4) . However, for the light K + ions the probability of the C-process is nearly independent of the temperature (Figure 4 ). The explanation is that, also at high temperatures, the environment changes only slowly since the K + and CI" ions are spherical and of nearly the same size. Therefore, when a K + ion occasionally leaves its reference ion, it is more likely that it returns readily than continues further away. According to experiment, for the pure salts KCl [18] and LiCl [5] the isotope effect of the internal cation mobility increases with increasing temperature; the temperature dependence being larger in the LiCl case. In the eutectic mixture the isotope effects of both cations are nearly independent of the temperature [1] , Thus for the two pure salts as well as for the mixture, the temperature dependence of the experimental isotope effects for the cations seems to agree reasonably well with those of the SEV's.
The general trend that the isotope effects of the SEVs increase with increasing temperature (Table 3) should be attributed to an increasing relative importance of the L-process for which the isotope effect is larger than for the (effective duration of the) O-process.
The isotope effect of the SEV's (Table 3) is nearly the same for Li + and K + ions. It could therefore be assumed that the mobility isotope effects of these two cations would have been much the same, if their masses had been the same. The reason why the mass effect (i.e. the relative difference in velocities divided by the relative difference in masses) is larger for lithium than for potassium should thus be that the dependence of the internal mobility on the mass of the cation is non-linear. 
Velocity Autocorrelation Function
The velocity autocorrelation function is defined as VACF,(Q-< r ' where v x is the thermal velocity of species i and < ) means the average for i. The velocity autocorrelation functions have also been calculated. As an example, those of the mixture at HOOK are shown in Figure 6 . The general shape of the profiles appears to depend on the mass rather than on the kind of chemical species.
It may be fortuitous that the velocity autocorrelation functions of the Cl~ ion is quite similar to that of the 39 Li + ion.
For all three kinds of ions the first minimum becomes more shallow when the temperature is increased, while it becomes deeper if the concentration of KCl is increased. These obtained trends agree with those calculated for similar conditions by Lantelme and Turq [14] . However, our first minimum is much deeper than theirs (about -0.2), and the reason for this discrepancy is not clear at present.
In conclusion, the following trends are observed for the SEVs of molten (Li, K)C1 near the eutectic composition (58.3 mol% LiCl) in the range between 700 K and 1100 K. (1) The ratio (v Li /v K ) decreases with increasing temperature, and it is less than unity at higher temperatures, that is the Chemla effect occurs. (2) The isotope effect of y Li seems to increase very slightly with increasing temperature, while that for v K is nearly constant. The general tendency seems to be similar for the MD calculations and the experimental results obtained for internal mobilities.
The author would like to thank Professor A. Lunden and Professor A. Klemm for helpful discussion.
The expenses of this work are defrayed by the Grant in Aid for Scientific Research, Nos. 60129031 and 60470160 from the Ministry of Education, Japan.
The calculation was performed with HITAC M-200 computers at the Institute for Molecular Science at Okazaki and the High Energy Physics Institute at Tsukuba. The computer time made available for this study is gratefully acknowledged.
